Cells respond to the environment through the expression of transmembrane receptors that sense extracellular stimuli and activate an elaborate network of intracellular signaling molecules. Given the large number of different signaling molecules and the complex relationships between them, a major challenge is to understand how specific signals generate unique responses. The architecture of signaling networks plays an important role in achieving signaling specificity (1). The logical AND gate is a motif frequently found in such architectures. In a simple form, an AND gate is a molecule that requires two signaling inputs in order to generate an output (i.e. a molecule that responds in highly cooperative fashion to two binding partners). Although there are many examples of signaling molecules that are thought to behave in this fashion, quantitative input-output relationships have been measured in relatively few cases.
Cells respond to the environment through the expression of transmembrane receptors that sense extracellular stimuli and activate an elaborate network of intracellular signaling molecules. Given the large number of different signaling molecules and the complex relationships between them, a major challenge is to understand how specific signals generate unique responses. The architecture of signaling networks plays an important role in achieving signaling specificity (1) . The logical AND gate is a motif frequently found in such architectures. In a simple form, an AND gate is a molecule that requires two signaling inputs in order to generate an output (i.e. a molecule that responds in highly cooperative fashion to two binding partners). Although there are many examples of signaling molecules that are thought to behave in this fashion, quantitative input-output relationships have been measured in relatively few cases.
The Wiskott-Aldrich syndrome protein (WASP) 3 is an important actin regulatory molecule that responds to multiple stimuli. In the absence of activators, WASP exists in an autoinhibited conformation, where its GTPase binding domain (GBD) interacts with its C-terminal VCA (verprolin homology, central hydrophobic region, and acidic region) domain, sequestering residues in the latter required for activation of the actin nucleating machine, Arp2/3 complex (2, 3). In its GTPbound form, the Rho family GTPase Cdc42 activates WASP by binding to the GBD and disrupting its interactions with VCA, leading to exposure of the C region and activation of Arp2/3 complex (4). A basic region N-terminal to the GBD also contributes to autoinhibition, either by stabilizing GBD-VCA interactions directly in WASP or by cooperatively stabilizing an inactive assembly with Arp2/3 complex in the case of N-WASP (5, 6) . PIP 2 is thought to activate N-WASP by binding the basic region and disrupting the inhibitory basic region-Arp2/3 complex interactions, destabilizing the inactive assembly (7) . The Cdc42-binding, PIP 2 -binding and autoinhibitory equilibria in N-WASP are strongly coupled, such that the GTPase and lipid can activate with substantial cooperativity (6, 7) . WASP/N-WASP can also be activated by a large number of other molecules, including IcsA, Nck, Grb2, WISH, and EspFu (8 -12) . Of these, Nck can act cooperatively with PIP 2 , and Grb2 can act cooperatively with Cdc42 to stimulate N-WASP activity (6, 10, 11) . Although many activators have been identified, the molecular mechanisms by which most of these function are not well understood; nor are the mechanisms of cooperativity between them.
WASP/N-WASP can be phosphorylated by tyrosine kinases at a single position, Tyr 291 /Tyr 256 , respectively, in a variety of cell types in response to different stimuli. These include responses to collagen stimulation of platelets, IgE activation of mast cells, stimulation of B cells by receptor cross-linking, NGF treatment of PC12 cells, and stimulation of T cells using anti-CD3 and anti-CD28 antibodies (13) (14) (15) (16) (17) . Where examined, phosphorylation has been suggested to have functional relevance. In PC12 cells, blocking phosphorylation with a selective Src family kinase inhibitor prevents N-WASP-mediated neurite outgrowth (15) . In T cells, overexpression of a Y291F mutant of WASP severely impairs activation in response to T cell receptor stimulation, a process in which WASP is believed to play an important role (18) .
WASP phosphorylation by Btk or Lyn in mast cells is greatly enhanced when an activated mutant of Cdc42 is coexpressed, indicating that cooperativity between kinases and GTPase takes place in cells (13) . We and others have shown that WASP phosphorylation in vitro is contingent on its activation by either Cdc42 or PIP 2 (15, 17, 19) . Contingency with Cdc42 can be rationalized by a need to destabilize the GBD-VCA interactions, which largely bury the Tyr 291 side chain in the autoinhibited structure, blocking access to kinase. Similarly, since phosphorylated WASP can still adopt the autoinhibited conformation, it is resistant to dephosphorylation by phosphatases (19) . Therefore, phosphorylation of WASP can provide a biochemical record of coincident kinase and GTPases signals. The functional consequences of phosphorylation are 2-fold. First, phosphorylation slightly destabilizes GBD-VCA interactions, leading to modest activation. Secondly, phosphorylated WASP (p-WASP) can be greatly activated by the Src SH3-SH2 module, which has no effect on the nonphosphorylated protein. These effects provide a novel mechanism by which WASP can respond differently, depending on its activation history.
Here we have extended these findings by quantifying the effects of Cdc42 on the kinetics of N-WASP phosphorylation and dephosphorylation and also by examining potential cooperativity between Cdc42 and SH3-SH2 proteins in activation of p-WASP. We show that N-WASP is a poor kinase substrate when autoinhibited, with k cat /K m decreased ϳ40-fold relative to the isolated GBD, and that Cdc42 substantially eliminates this repression. Similarly, the T cell phosphatase has a 30-fold lower k cat /K m toward autoinhibited p-N-WASP than toward the isolated p-GBD, and again this effect is largely reversed by that Cdc42. Finally, we demonstrate that the Lck SH3-SH2 module and Cdc42 are highly cooperative in activating p-WASP toward Arp2/3 complex, with a linking constant of ϳ50 between the two activator equilibria (corresponding to ϳ2.4 kcal mol Ϫ1 linking free energy) (20) . These studies provide a better understanding of the mechanisms by which kinase and GTPase signals can cooperate to regulate the actin cytoskeleton through the phosphorylation and activation of WASP/N-WASP.
MATERIALS AND METHODS
Protein Preparation-Human N-WASP GBD (residues 192-275), human Cdc42 (residues 1-179), and Lck SH3-SH2 (residues 53-226) were cloned into pET11a. N-WASP VCA (residues 393-505) was cloned into pGEX-2T. Truncated WASP (⌬WASP, residues 153-502), and truncated N-WASP (GBD-P-VCA, residues 192-505 were cloned into pET16b. N-WASP GBD-VCA (GBD linked to the VCA region by a GGSGGS sequence) was cloned into pET11a. All constructs were transformed into Escherichia coli strain BL21(DE3). Cells were grown at 37°C to an optical density of 0.6 -1 at 600 nm. Protein expression was induced with 1 mM isopropyl-D-thiogalactoside for 4 or 16 h at either 37 or 20°C, respectively. Lck tyrosine kinase was overexpressed from a baculovirus vector in Spodoptera frugiperda (sf9) cells, which were harvested after 3 days of infection. All proteins were purified by a series of anion exchange, cation exchange, and size exclusion chromatographies. Details of protein expression and purification are available in the supplemental material. Cdc42 was loaded with GMP-PCP as previously described (21) .
Bovine Arp2/3 complex was purified from calf thymus as described by Higgs et al. (22) . Actin was purified from rabbit muscle and labeled with pyrene as previously described (23, 24) .
The WASP protein ⌬WASP and the N-WASP proteins GBD, GBD-VCA, GBD-P-VCA were phosphorylated on preparative scale by 1-3 M Lck in the presence of a 5-fold excess of Cdc42-GMP-PCP. Reactions were performed at 30°C for 24 -48 h in 50 mM Tri-HCl, pH 8.0, 50 mM NaCl, 2 mM MgCl 2 , 2 mM dithiothreitol, 5 mM ATP. Substrate concentrations varied from 0.5 to 1 mM. Phosphorylation was monitored by Western blotting using anti-phosphotyrosine antibody (Cell Signaling). Phosphoproteins were separated from reaction mixtures by extraction onto a glutathione S-transferase-Src SH2 domain affinity column. Following column wash, phosphorylated proteins were eluted with 10 mM phosphotyrosine in 50 mM Tris-HCl, pH 7.0, and further purified by gel filtration chromatography (SD75; details in supplemental material). Single site phosphorylation of p-GBD, p-GBD-VCA, p-GBD-P-VCA, and p-⌬WASP was confirmed by mass spectrometry. 3, 6 , and 10 min at 30°C, reactions were terminated by the addition of SDS sample buffer and subjected to SDS-PAGE. Gels were stained with Coomassie Brilliant Blue, dried, and analyzed by autoradiography. Initial rates were determined from a linear fit of the raw data and then fit as a function of substrate concentration to the Michaelis-Menten equation using nonlinear regression (GraphPad PRISM software) to yield k cat and K m . In cases where saturation kinetics could not be achieved, k cat /K m was obtained from the slope of a linear fit of initial rates versus substrate concentration.
Phosphatase Assays-Phosphorylated substrates were mixed with 2 nM T Cell protein tyrosine phosphatase (New England Biolabs) and reactions were carried out at room temperature in 25 mM Tris-HCl, 2 mM MgCl 2 , 100 mM NaCl, 2 mM dithiothreitol. Kinetics of phosphate release were measured by the colorimetric kit BIOMOL QuantiZyme assay system (BIOMOL catalog no. AK-815). Initial rate data were analyzed as for the kinase reactions above to yield either k cat and
Actin Polymerization Assays-Detailed procedures have been described by Higgs et al. (22) . Reactions contained 2 or 4 M Mg-ATP actin (5% pyrene-labeled), 10 mM imidazole, pH 7.0, 50 mM KCl, 1 mM EGTA, 1 mM MgCl 2 in G buffer-Mg (2 mM Tris-HCl, pH 8.0, 0.5 mM dithiothreitol, 0.1 mM ATP, 0.1 mM MgCl 2 ). Pyrene fluorescence ( ex ϭ 365 nm, em ϭ 407 nm) was monitored with a Fluorolog-3 spectrafluorimeter (JY Horiba). Fluorescence was normalized to the maximum change in signal within each experiment, F ϭ (F obs Ϫ F min )/(F max Ϫ F min ) where F max , F min , and F obs are the maximum, minimum, and observed fluorescence, respectively. Relative activity was calculated as described in Ref. 25 . In short, relative activity ϭ ⌬t1 ⁄ 2 /⌬t1 ⁄ 2 max , where ⌬t1 ⁄ 2 is the difference between a given activator and ⌬WASP in the time required to reach 50% maximal actin polymerization, and ⌬t1 ⁄ 2 max is the analogous difference between VCA and ⌬WASP. Relative activities were plotted as a function of activator (Cdc42 (Fig. 4D) ; SH3-SH2 (Fig.  4E) ) and fitted to the Michaelis-Menten equation using nonlinear regression to obtain k act . The cooperativity factor (c) was calculated as described in Ref. 6 . In short, fractional activity ( 
RESULTS

N-WASP Phosphorylation Is Enhanced 40-fold upon Binding to Activated Cdc42
-Autoinhibited WASP consists of three layers of structure encompassing the GBD and the C region of the VCA (Fig. 1B) . Although the structure of autoinhibited N-WASP has not been determined directly, the 67% identity to WASP in the GBD and C regions indicates that the two structures should be highly similar. In the autoinhibited conformation, the site of phosphorylation is located in an ␣-helix within the second layer and is largely protected from solvent (ϳ90% of Tyr 291 surface buried). We have previously shown qualitatively that autoinhib-ited WASP is a poor substrate for kinases and that the addition of Cdc42 disrupts the autoinhibited structure, leading to the exposure of Tyr 291 , making it a better substrate. Here we quantified the degree by which activated Cdc42 affects the kinetic parameters of phosphorylation in N-WASP.
We measured the rate of phosphate incorporation from ATP by the Lck kinase domain into a series of N-WASP constructs. First, we measured k cat and K m of Lck toward a construct consisting of the GBD alone, which has no persistent tertiary structure (3, 26) . This yielded
, a value similar to those obtained for Src and Lck kinases with several of its peptide substrates ( Fig. 2A and Table 1 ) (27) (28) (29) . Using an autoinhibited construct that consists of the GBD linked to the VCA domain through a short flexible linker (GGS) 2 
indicating ϳ44-fold lower efficiency than on GBD alone (Fig. 2B , Table  1 ). Also, using a construct where the GBD is linked to the VCA through its natural proline-rich domain of ϳ150 residues (GBD-P-VCA), we measured k cat /K m ϭ 3.2 ϫ 10 3 M Ϫ1 s Ϫ1 , ϳ38-fold lower efficiency than on GBD alone (Fig. 2B , Table 1 ). We and others have been unable to express full-length WASP or N-WASP in bacteria. However, the GBD-P-VCA construct here and the ⌬WASP construct of WASP below can be expressed in bacteria at modest levels. We use these proteins, which lack only the EVH1 domain, as reasonable mimics of the full-length proteins in terms of the thermodynamics of GBD-VCA interactions. The decreasing catalytic efficiency from GBD to GBD-P-VCA to GBD-VCA parallels the increase in stability of the autoinhibited fold in these proteins, consistent with the notion that the autoinhibitory contacts block access to kinase. Although we were not able to separate k cat and K m for the two autoinhibited constructs due to their limited solubility (which prevented us from achieving saturation kinetics), the decreased k cat /K m relative to the GBD is probably due to a change in K m . The addition of saturating amounts of activated Cdc42 enhances the efficiency of Lck phosphorylation of GBD-VCA and GBD-P-VCA to levels close to that of GBD alone: Table 1 ). In all cases, mass spectrometric analyses demonstrated that the N-WASP proteins are singly phosphorylated. Since Tyr 256 is the only tyrosine residue in each construct, we assume that this is the site of modification. We previously showed that Cdc42 does not affect the catalytic activity of Lck toward the WASP and N-WASP GBDs (19) . Thus, the increase in k cat /K m is probably due to a decrease in K m upon Cdc42 binding, which derives from destabilization of the autoinhibited fold.
Consistent with previous results, these data indicate that in N-WASP, the autoinhibited fold protects Tyr 256 against covalent modification by kinases. Destabilization of the fold by active Cdc42 leads to the disruption of the autoinhibited conformation and increases the efficiency of phosphorylation 40-fold, probably by lowering the K m by which Lck can act on N-WASP. These results provide a mechanism by which kinase signaling is prevented when N-WASP is in an autoinhibited conformation with a high K m and ensured to occur properly only when both kinase and GTPase have been activated, resulting in a lower K m and efficient phosphorylation.
N-WASP Dephosphorylation Is Enhanced 30-fold upon Binding to Activated Cdc42-We previously showed that phosphorylated WASP can still adopt an autoinhibited conformation with p-GBD bound to VCA. Moreover, using NMR spectroscopy we showed that the backbone 13 Table 1 almost identical to those in the nonphosphorylated complex, indicating that the autoinhibited conformation is the same regardless of phosphorylation state (19 Table 1 ). Although we were not able to separate k cat and K m for p-GBD-VCA alone, the similarity in k cat values for p-GBD and GBD-VCA/ Cdc42 suggests that the reduced k cat /K m for the free autoinhibited protein is due to an increase in K m . If this were the case, the 30-fold reduction of k cat /K m would correspond to an increase in K m to ϳ2 mM, consistent with our inability to achieve saturation kinetics at practically obtainable substrate concentrations.
SH3-SH2 Can Activate Phosphorylated WASP toward Arp2/3 Complex-We previously showed that the SH3-SH2 module from the Src kinase can qualitatively activate a phosphorylated WASP construct that spans from the GBD through the end of the molecule (residues 230 -502) (19) . Here, we quantified the activation of a similar construct, which also includes the WASP basic region (p-⌬WASP, residues 153-502), by the SH3-SH2 domains of Lck in the pyrene actin polymerization assay. As shown in Fig. 4A , nonphosphorylated ⌬WASP by itself has minimal activity toward Arp2/3 complex at 0.5 M concentration (green curve) but can be fully activated by 10 M activated Cdc42 (red curve). The addition of 10 M Lck SH3-SH2 has minimal effect on ⌬WASP activity toward Arp2/3 complex, consistent with the idea that neither the SH2 nor the SH3 domain of Lck can activate the nonphosphorylated protein (blue curve).
Purified p-⌬WASP, although still autoinhibited, shows a slight increase in basal activity toward Arp2/3 complex (compare green curves in Fig. 4, A and B) . These results indicate that although the introduction of a phosphate group is compatible with autoinhibition, it probably decreases the stability of the autoinhibited conformation. This idea is supported by our observation that phosphorylation decreases the melting temperature of ⌬WASP measured by CD spectroscopy from 67 to 60°C (not shown). The addition of activated Cdc42 activates p-⌬WASP in a concentration-dependent manner (Fig. 4B) . Fitting the activity of p-⌬WASP to a single-site binding isotherm yields a K act of 250 nM (Fig.  4D) , which is about ϳ10-fold lower than that observed for the nonphosphorylated protein (not shown). This increase in apparent Cdc42 affinity is consistent with previous data from our laboratory showing an inverse correlation between stability of the WASP autoinhibitory domain and affinity for Cdc42 (3, 5) .
We also made similar measurements of p-⌬WASP activation by the Lck SH3-SH2 module. As previously shown for Src, the Lck SH3-SH2 increases p-⌬WASP activity toward Arp2/3 complex in a concentrationdependent manner (Fig. 4C) . Analysis of the activation curve by the SH3-SH2 domains of Lck reveals a K act of 2.5 M (Fig. 4E) . Notably, the activation by Src SH3-SH2 is more sensitive, probably due to the higher affinity of the Src SH2 domain for p-GBD. 4 These data indicate that phosphorylation of ⌬WASP slightly increases the basal activity toward Arp2/3 complex and lowers the Cdc42 concentrations needed to fully activate ⌬WASP, creating a more sensitive response curve. In addition, the Lck SH3-SH2 module activates p-⌬WASP in a concentration-dependent manner with a potency 10-fold lower than that of Cdc42.
Lck SH3-SH2 Cooperates with Cdc42 to Activate Arp2/3 Complex-As mentioned above, several regulatory molecules have been shown to cooperate with each other to activate N-WASP. The best characterized cooperativity is between Cdc42 and PIP 2 . Prehoda et al. analyzed the degree of cooperativity by measuring the effects of one activator on the activation curve of the second (6) . Using classical linkage analysis (20) under the assumption that N-WASP exists in a two-state equilibrium that can be strongly biased by high concentrations of either activator, these authors 4 E. Torres and M. K. Rosen, unpublished results. found a cooperativity factor of ϳ350 between Cdc42 and PIP 2 . This factor represents the degree by which binding of one activator enhances the affinity of the second and represents an energetic coupling of ϳ3.5 kcal/mol between the two binding equilibria. In order to test whether Cdc42 cooperates with Lck SH3-SH2 to activate p-⌬WASP, different concentrations and ratios of the two components were added to the pyrene-actin polymerization assay. As shown in Fig. 5A , the addition of 500 nM Cdc42 and 500 nM SH3-SH2 together activates p-⌬WASP to a higher extent than a 500 nM concentration of each component alone. In order to quantify the degree of cooperativity, the experiment was repeated using variable concentrations of both activators (Fig. 5B) . Quantitative analysis of the half-maximal activation curve yields a cooperativity factor between Cdc42 and Lck SH3-SH2 of 50 (Fig. 5C ), corresponding to a coupling free energy of 2.4 kcal/mol.
TABLE 1 Kinetic parameters of phosphorylation and dephosphorylation
Kinase substrate
K cat /K m (M ؊1 s ؊1 ) k cat (s ؊1 ) K m (M)GBD
DISCUSSION
We have characterized the mechanisms by which Cdc42 controls the phosphorylation state of WASP/N-WASP and the response of p-WASP/N-WASP to different inputs. In our previous work, we examined these effects qualitatively for both WASP and N-WASP and found similar behavior for the two proteins (19) . Here, we have quantified phosphorylation/dephosphorylation for N-WASP and the response of p-WASP to different inputs. There may be quantitative differences between the two proteins in cooperativity at either the phosphorylation/dephosphorylation or SH3-SH2-mediated activation steps. Since the two aspects of cooperativity derive from a common source, stability of the autoinhibited domain, we would expect differences between the two proteins to be manifest in both aspects. Further experiments will be needed to quantitatively explore these subtle differences between WASP and N-WASP. In autoinhibited N-WASP, Tyr 256 should be well buried in the structure, analogous to Tyr 291 in WASP, decreasing its accessibility to kinases. This decreased accessibility is manifested in an ϳ40-fold decreased k cat /K m for the phosphorylation reaction. This property of the structure creates the necessity for another activator, such as Cdc42, to disrupt the autoinhibitory interactions leading to the exposure of the buried tyrosine and increased k cat /K m . Both of these effects are probably due to changes in K m , although we have not demonstrated this directly due to technical limits of the materials. Once phosphorylated and in the absence of activator molecules, N-WASP can still adopt an autoinhibited conformation where Tyr 256 correspondingly is protected from phosphatases. Again, the addition of an activator that leads to the exposure of Tyr(P) 256 is necessary to increase the efficiency of phosphatases. Moreover, we here showed that phosphorylated WASP has a slightly higher basal activity, increased sensitivity to Cdc42, and the ability to respond to a new signal, SH2-containing proteins. Finally, we showed that Cdc42 and kinases cooperate not only in the phosphorylation process but also in activation of p-WASP in a manner that has previously been shown for other activator molecules.
The signal integration and cooperativity described above are a consequence of the architectural and biophysical properties of the autoinhibited state of WASP. Recently, we described a model for allostery in WASP that is predicated on a simple two-state equilibrium between an inactive folded state and an active unfolded state (5, 32, 33) . Cdc42 can bind to both states but has ϳ300-fold higher affinity for the active form. This affinity difference enables Cdc42 to shift the allosteric equilibrium toward the active state, resulting in WASP activation. In the context of are structurally protected from modifying enzymes. Protection is not absolute even for molecules with significant stability, such as GBD-VCA. This effect is probably due to two causes. First, a small fraction of the protein exists in an active state. This fraction has not been measured for the N-WASP GBD-VCA protein, but for the analogous WASP protein it has been estimated as 1 ⁄ 1200 (5) . Second, reactivity should also result from the ability of modifying enzymes themselves to produce structural changes (perhaps biasing the autoinhibitory equilibrium) that expose Tyr 291 /Tyr(P) 291 . This effect would be analogous to the ability of Arp2/3 complex to bias the WASP autoinhibitory equilibrium, an effect that must be accounted for in quantitative evaluation of the two-state model (5). Nevertheless, protection by autoinhibitory interactions is still substantial: kinases and phosphatases act on the active state, here mimicked by the isolated (p-)GBD, with K m values of 425 and 70 M, respectively, and on the inactive state, here approximated by (p-)GBD-VCA with estimated K m values of 17.0 and 2.1 mM, respectively. Thus, the efficiency of modification depends highly on the population of the active/unfolded state under a given set of conditions. The ability of WASP to integrate signals from kinase, phosphatase, and Cdc42 ultimately arises from the fact that in the absence of Cdc42, the equilibrium is biased toward the inactive state, where K m values are high. The addition of Cdc42 shifts this equilibrium toward the active state where K m values are low, therefore allowing modification by kinase and phosphatase to occur efficiently.
The fact that p-WASP has a slightly higher basal activity toward Arp2/3 complex and that lower Cdc42 concentrations are necessary to activate the molecule indicate that the introduction of the phosphate group has lowered the stability of the protein, increasing the population of the active state. This idea is consistent with the observation that WASP has a lower melting temperature when phosphorylated and that p-GBD has a lower affinity than GBD for VCA in trans (16 versus 2.8 M; not shown). Therefore, the introduction of the phosphate group can be seen as an input signal whose role is to decrease the stability of WASP changing the equilibrium between the inactive and active states. Decreasing stability increases the sensitivity of the activation response curve of any other activator molecule and can therefore serve to increase the sensitivity of a cellular response to external input. Different activator molecules have been shown to cooperate and activate WASP/N-WASP in vitro. In our allosteric model for WASP, cooperativity between two activator molecules arises from the effects of one activator on the stability of the protein (5, 32) . We have previously shown that the addition of Src SH2 alone is sufficient to disrupt the interactions of p-GBD and VCA in trans but not when these elements are covalently linked through the intervening proline-rich domain (19) . We also showed that a tethered Src SH3-SH2 construct was necessary for activation of p-GBD-P-VCA. Here, we have shown that the Lck SH3-SH2 not only activates phosphorylated WASP but can also cooperate with Cdc42. As mentioned earlier, the degree of cooperativity can be quantified by the effects that one ligand has on the apparent affinity of the other. We find that the degree of cooperativity between Lck SH3-SH2 and Cdc42 is lower than that observed between Cdc42 and PIP 2 , 50 versus 300, respectively. Although we do not know the affinities of PIP 2 and SH3-SH2 for both the inactive and active states, we can hypothesize that the lower cooperativity observed for the latter is due to the fact that the introduction of a phosphate group in WASP has shifted the equilibrium toward the active state by decreasing stability. This would lower the requirement of the amount of inputs necessary for full activation. A similar logic holds when considering additional parameters relevant to activation of WASP/N-WASP in vivo. There, the two proteins appear to be significantly associated with other molecules such as WIP and Toca1 (34) . Since these binding partners also modulate the activity of N-WASP, it is possible that they act to modulate the equilibrium between the open and closed states of the proteins. This could also then affect the cooperativity between Cdc42 and kinase/phosphatase observed in vivo. It is likely that the thermodynamics of these various regulators and of WASP/N-WASP have been globally tuned during evolution to produce appropriate input-output responses needed for cellular function.
The mechanism by which WASP integrates GTPase and tyrosine kinase signals relies on the fact that the site of phosphorylation is mostly buried in the autoinhibited conformation and that Cdc42 binding induces a large conformational change leading to the exposure of this site. Biochemical and structural analyses of other GTPase effectors show that they have similar properties, suggesting that this mechanism may not be limited to WASP. Thus, autoinhibited effectors may offer a general route by which GTPase and kinase signals can be integrated inside cells. Three examples include PAK2 (p21-activated kinase 2), the Raf-1 kinase (35) (36) (37) (38) , and the formin mDia1 (39) . Of these, PAK2 and Raf-1 kinase have been shown to be tyrosine-and/or Ser/Thr-phosphorylated (40, 41) in a manner dependent on prior GTPase binding. For PAK2, Src-mediated phosphorylation of Tyr 130 is dependent on binding of the GTPase Cdc42 (41) . Structural studies of autoinhibited PAK indicate a mechanism similar to that we have described for WASP; Tyr 130 of PAK2 is buried in the autoinhibited state, and binding of either Rac or Cdc42 leads to a large conformational change that would result in its exposure. Somewhat distinct from WASP, Tyr 130 phosphorylation of PAK2 leads to substantial enhancement of kinase activity. Although the degree of cooperativity between Cdc42/Rac and Src in PAK2 phosphorylation has not been examined quantitatively, given the organizational similarities with WASP, it is likely to be significant. In the case of Raf-1 kinase, the activated Ras GTPase is necessary for activation as well as for tyrosine and serine phosphorylation in cells, although the molecular mechanisms of these effects and their functional consequences still need to be explored. Cooperativity has also been implicated in activation of the formin mDia1 by the GTPase RhoA. In this system, RhoA binding causes only partial activation of the actin assembly activity of mDia1 (39) . This has led to the suggestion that other factors, either binding partners or covalent modifiers such as kinases, may cooperate with Rho to fully activate mDia1 in vivo (39) . It is clear from these examples that autoinhibition can provide a general mechanism for signal integration by sequestering sites of covalent modification and thus introducing a requirement for another activating molecule to assure signaling specificity. Autoinhibited proteins may be particularly facile at evolving such integrative functionality due to the inherently large areas of buried surface that are exposed when regulatory and activity-bearing domains are separated upon activation.
Several results suggest that WASP/N-WASP phosphorylation is functionally significant in vivo. Recruitment, activation, and phosphorylation of WASP play a crucial role in the cytoskeletal rearrangements necessary for T cell activation. Over the past several years, many links between the cytoskeleton and T cell function have been found. One of these involves the activation of the kinases Lck, Fyn, and ZAP-70, leading to phosphorylation of Vav1 and SLP-76, and recruitment and activation of Cdc42, WASP, and Arp2/3 complex (42) . Recently, using T cells obtained from WASP Ϫ/Ϫ mice, Badour et al. (18) showed that whereas phosphorylation of Tyr 291 is not necessary for WASP recruitment to the immunological synapse, it is essential for NFAT transcriptional activity and actin polymerization, both of which are required for T cell activation. It is not clear, however, how phosphorylation of Tyr 291 contributes to this process. Our data suggest that binding to the SH3-SH2 domain of kinases of the Src family could not only activate phosphorylated WASP but also increase its sensitivity to other molecules known to localize at the immunological synapse, such as Cdc42, PIP 2 , Nck, and Grb2. These effects could contribute to NFAT signaling and actin dynamics. Several functions have also been associated with phosphorylation of Tyr 256 in N-WASP. In epidermal growth factor-treated PC12 cells, phosphorylation at Tyr 256 has been shown to be important for N-WASP degradation through ubiquitin-mediated targeting to the proteosome (15) . N-WASP is also phosphorylated when the same cells are treated with NGF, and this modification is needed for NGF-induced neurite outgrowth. However, in this case, p-N-WASP is not rapidly degraded and moreover remains phosphorylated for several hours after NGF has been removed and the responsible Src family kinase signal has subsided. These findings are consistent with the idea that in the absence of an activator N-WASP has the potential to remain phosphorylated for long periods following decay of the initiating stimulus. The factors that determine whether phosphorylation leads to degradation or prolonged activation of N-WASP in PC12 cells remain to be established, as does the mechanistic path from p-N-WASP to neurite outgrowth in response to NGF. Last, phosphorylation of N-WASP has also been proposed to play an important role in its nuclear localization. Suetsugu et al. (43) have shown that the ability of nuclear N-WASP to suppress HSP90 expression in COS cells is prevented by Fyn kinase-mediated phosphorylation, which induces p-N-WASP export to the cytoplasm. The authors proposed that phosphorylation of Tyr 256 exposes a nuclear export signal sequence located in the GBD. Similarly, Wu et al. (44) have shown that in fibroblasts, phosphorylation of N-WASP prevents import of the protein into the nucleus by inhibiting interactions with importin ␣. Although it remains to be established how the biochemistries we describe here contribute to each of these physiological processes, it is clear that tyrosine phosphorylation of WASP and N-WASP plays a significant role in modulating the function of these proteins in vivo.
